The reaction between high purity nickel (99.999%) and high purity tin (99.999%) was investigated in the temperature range of 232˚C -330˚C, at short periods of annealing (1 -60 s). The reaction kinetic was studied using cross-sectional scanning electron microscope (SEM) images. The intermetallic compound (IMC) growth was analyzed using the empirical power law and a time dependence in the range of 0.26 to 0.33 was found. The morphology of the IMC was investigated by SEM in the temperature range of 235˚C -290˚C, at annealing periods of 10 s, 30 s, and 60 s by selectively etching away the remaining elementary tin. The exposed IMC displays a change in morphology with increasing annealing temperature, demonstrating that the growth velocity of certain crystallographic orientations of the IMC is strongly influenced by the annealing temperature. Additionally, coarsening and crumbling of the IMC grains is observed, and will be discussed with respect to the responsible mechanisms.
Introduction
Producing energy from renewable resources and using energy as efficiently as possible has become a global tar-get and is addressed by politicians worldwide. For instance, the European Council agreed in March of 2007 on their goal to reduce the green house gas emissions by 20% by the year 2020. This can be achieved via two possible ways, either by replacing fossil fuels with renewable energy sources, which can be quite challenging, or by saving energy. Research showed that there was a large potential to save energy in the lighting solutions sector, for example, by using highly efficient light sources, such as LEDs [1] . One key processing step in the manufacturing chain of LEDs is the bonding of wafers, which is used to transfer functional layers from a sapphire wafer to a carrier wafer. A frequently used and well known solder for wafer bonding is the gold-tin-solder (Au Sn). Unfortunately, in the microelectronic industry there is a strong drive to reduce the manufacturing costs of products, which in turn exposes the main disadvantage of the solder, its high price. The drive towards cost reduction in combination with the ban of lead in the microelectronic industry caused a new wave of investigations focusing on lead-free, low-cost soldering processes suitable for surface mount applications or wafer bonding. A suitable candidate for the replacement of Au-Sn solder for wafer bonding is the nickel-tin-solder system (Ni-Sn). Nickel is compared to gold a relatively inexpensive metal which makes it attractive in terms of reducing the cost of the soldering system, but the intermetallic reaction during the soldering process is different. For instance, the dissolution of Au in liquid Sn or Sn-rich alloys is much faster than the dissolution of Ni, additionally the solid Au-Sn intermetallic compound (IMC) forms out of the supersaturated melt while the gold layer dissolves into the molten solder [2] . In the system Ni-Sn the formation of the IMC is driven by a reactive isothermal solidification mechanism which mainly takes place near the Ni-surface and is controlled by the dissolution of Ni into the liquid [3] . Therefore it is of critical importance to understand the growth behavior, reaction kinetics, and the possible influences on them in the Ni-Sn-system in order to achieve similar results to the Au-Sn-system. In order to achieve this goal we need to understand the fundamental processes during the formation of the connection, for instance, in the isothermal solidification of the Ni-Sn-solder the bond connection is formed while the solder system remains at a constant temperature above the melting point of the Sn. The solidification of the solder occurs as a result of the reaction between the Sn and the Ni. This process is often referred to as SLID (Solid-Liquid Inter-Diffusion) or TLP (Transient Liquid Phase) bonding. The reaction between the two materials results in a new phase with an intermediate melting point. In the following processing steps the joint can be exposed to temperatures above the bonding temperature without melting the joint. The details of the influence of temperature on the formation of the connection is only little known. Therefore it is difficult to determine the optimum soldering process for each application. Additionally, most of the current investigations of the Ni-Sn solder system do not focus on the reaction between high purity metals but rather on the reaction between Ni with a certain amount of impurities, as found in electro plated nickel (EP-Ni) or electroless nickel (El-Ni), and Sn-3.5Ag as a solder [4] - [9] . However, in the manufacturing of LEDs and many other microelectronic devices it is important to keep the amount of contaminants in each of the functional layers to a minimum. The contaminants may diffuse to critical junctions during the lifecycle of the LED and cause failure of the device. Since this is unacceptable for a high quality LED used in the automotive industry, high purity metals have to be used for the SLID bonding processes. Therefore this research will focus on the intermetallic compound formation, the grain growth, the morphology of the IMC, and the coarsening mechanisms observed in the reaction between high purity Ni and Sn and the influence of temperature on them.
Materials and Methods
The kinetic of the intermetallic phase formation and its microstructural development is studied in the temperature range of 232˚C -330˚C. All metallic layers were deposited using sputtering techniques in high vacuum. The substrates used are 150 mm, p-doped (boron), single flat silicon wafers with a (100) surface normal. Before the metallisation the wafers were thinned to a thickness of 150 μm using a standard chip-thinning process. The material was removed from the backside of the wafer to retain the high quality front side polishing. Thinning the substrate reduces the thermal mass of the samples. Therefore, giving rise to better accuracy in terms of heat treatment durations by reducing the warm up and cool down time of the samples. After the metal layers were deposited onto the wafers, a low power laser dicing process was used to separate part of the wafers into 1.4 × 1.4 mm square chips. In the heat-affect zone of the nano-second laser dicing process, the metals under study have been melted. Only the regions outside of the heat-affect zone were used for analysis in this research in order not to alter the results of the annealing process.
The Material System
The materials were deposited in a commercially available PVD cluster tool allowing in-situ cleaning and sputtering without breaking vacuum. Before depositing the metallic layers, the native oxide of the silicon was removed using sputter cleaning with argon as a process gas. In the following step an adhesion layer was deposited on the surface of the wafer, followed by a diffusion barrier and a second adhesion layer, which was made up of 100 nm titanium (Ti). In the initial experiments a 450 nm layer of Nickel (Ni) was deposited on top of the Ti, followed by a 1000 nm thick layer of Tin (Sn). The Sn is covered using a 100 nm thick layer of Ti to prevent the oxidation of Sn once the wafer is exposed to air. The experiments were repeated using the same metal stack with increased Ni (900 nm) and Sn (2000 nm) layer thicknesses, in order to determine the influence of the layer thicknesses on the morphology of the IMC layer. All metals used are grade 5N (99.999% pure) materials. Once the wafer was inserted into the tool used for cleaning and metallisation, vacuum remained uninterrupted to ensure that the silicon and metals are not being oxidized. The scanning electron microscope (SEM) image in Figure 1 displays the metal stack prior to heat treatment.
In order to examine the growth and morphology of the IMC at different stages during the course of its formation, various heat treatment durations and temperatures were selected.
Sample Preparation for SEM Analysis
Two different methods of sample preparations were used: 1) samples were embedded into an epoxy resin for cross-sectioning, 2) samples were etched in an HCl solution to expose the IMC.
The cross-section samples were used to determine the growth kinetic of the IMC at different temperatures. The etched samples were used to identify the morphology of the IMC at different annealing temperatures and durations.
Cross-Section Samples
The cross-section samples are 1.4 × 1.4 mm square chips.
Annealing Conditions
The chips were annealed at different temperatures varying between 232˚C -330˚C (232˚C, 260˚C, 290˚C, 310˚C, 330˚C) and durations between 1 s and 60 s (1 s, 3 s, 5 s, 10 s, 30 s, 60 s). The annealing was conducted using a die bonding tool called heated bond head (HBH), which is traditionally used to bond chips onto lead frames. The tool uses a pick-head to pick up an individual chip, and places it onto a vacuum chuck. Then a heated collet picks Figure 1 . Cross-section SEM image of the as prepared sample, all relevant metal layers identified with element symbols. the chip off the chuck. The chip remains attached to the heated collet for the desired time period, then it is dropped into a metal beaker for cooling. Since the area of contact between the chip and the heated collet is large, and due to a good thermal contact to the chip, warm up durations are, compared to the annealing times, considered negligible. Similarly, since the thermal mass of the collet is much bigger than the thermal mass of the chip, the temperature change of the collet induced by heating up the chip is considered negligible. Using the HBH, the chips can be heated rapidly, and annealing durations as short as 1 s can be realized. Therefore, this tool is suited to investigate the reaction during short annealing durations (1 s, 3 s, 5 s). The accuracy of the temperature reading of the HBH was determined using the melting point of Sn, bismuth (Bi), and the gold-silicon (Au-Si) eutectic reaction, prior to the experiments.
Cross-Sectioning
After annealing, the samples were embedding into an epoxy resin, then they were ground, polished, prepared using ion milling, and a thin gold-palladium film was deposited on the sample surface to avoid charging during SEM investigation.
Plan-View Samples
The plan view samples were 1 × 1 cm square pieces; the wafer was separated into the pieces using a diamond tipped stylus.
Annealing Conditions
The heat treatment for the etched samples was conducted using a hotplate (Präzitherm; PZ 28-2T). Selected annealing temperatures and durations were 235˚C, 260˚C, 290˚C and 10 s, 30 s, 60 s. The accuracy of the temperature reading of the hotplate was checked using the melting points of the metals Sn, and Bi prior to the experiments. Following the heat treatment, the Ti surface of the sample was partially ground using sandpaper (grit 4000), and the Sn was selectively etched using an aqueous 38% HCl solution. The selectivity of the Sn etch process was evaluated using over etch experiments in order to ensure that the morphology of the IMC remains unchanged during etching. The samples for the etch experiments were annealed at 260˚C for 10 s using the hotplate. When the samples were etched, hydrogen bubble development terminated after about 20 s, indicating that the Sn not consumed in the reaction with Ni, has been completely dissolved by the HCl. selectivity of the Sn etch process is high and the experiments showed that over etching the sample for long periods of time does not alter the grain size, a etch duration of 40 s was selected to ensure that there is no Sn left between the grains or on top of the IMC layer, even at low annealing temperatures and short durations. After etching the samples for 40 s they were placed in an ultrasonic bath, rinsed with DI-water, and dried under a stream of dry nitrogen. After cleaning the samples, the ones used for cross-sectional images were scratched on the top side using a diamond tipped stylus and mechanically separated into two rectangular pieces. When separating the sample, great care was taken not to damage the delicate grains and forces were applied in a way that the grains of the IMC were pulled apart, as opposed to being pushed together, ensuring that the grains stay attached to the sample and are not being deformed. Preparing the samples in this fashion yields an almost 3-dimensional, unaltered view of the grains and the interface between the Ni and the growing IMC grains, thus exposing their morphology, and the development of new grains at the interface.
Analytical Methods
The annealing temperature was measured using a thermocouple which was part of the respective tool. The morphology, thickness, and chemical composition of the IMC formed during heat treatment was investigated using a Zeiss Leo Gemini 1530 SEM, and an AMETEK EDAX APOLLO X silicon drift detector. The image analysis was done using the Origin digitizer, the diameter of IMC grains was measured manually and the thickness of the Ni layer used to investigate the growth kinetics was measured using a best fit line along the IMC/Ni interface and the Ni/Ti interface.
Results and Discussion

Growth Kinetics
The growth kinetic of the IMC was studied using cross-sectional samples. Below the melting temperature of the Sn, the growth of the IMC reportedly is slow and occurs in a layer-type morphology [10] . Therefore temperatures below the melting point of Sn are not practicable for a bonding process and were hence not subject of this investigation. When the bonding temperature reaches the melting point of Sn, growth of the IMC becomes faster and relevant for commercially used soldering or bonding processes. Figure 3 displays the cross-sectional SEM images of the sample annealed at 232˚C. At short annealing durations a thin, continuous layer of the IMC develops at the interface of the metals Ni and Sn. With increasing annealing duration the thickness of the developed IMC increases with a non linear dependence on time. After 60 s an about 500 nm thick layer of IMC has formed. The IMC layer contains enclosures, which were analyzed using EDX and it was found that they are made up of elementary Sn.
Annealing Samples at 232˚C
Annealing Samples at 330˚C
Annealing the samples at 330˚C for 1 s results in a thin, irregular shaped layer of IMC at the interface between the two metals, as seen in Figure 4 (1 s) . Parts of the IMC reach far into the Sn, others are only a few hundred nanometers thick, and some seem to lack connection to the underlying IMC. The annealing durations 3 s, 5 s, and 10 s result in an IMC with a similar appearance but continuously increasing thickness. When annealing the samples for 30 s and 60 s, the IMC develops into an almost continuous layer with few Sn enclosures. With increasing time the individual grains, reaching far into the Sn at the beginning of the reaction, seem to connect to form a continuous IMC layer. When examining the images of the late annealing stages, it becomes clear that the layer becomes more continuous and the number of Sn enclosures decreases as the annealing duration increases. Additionally the IMC layer formed during short annealing durations grows rougher as the temperature is increased and the thickness varies more drastically across the inspected region. Various EDX spectra have been recorded at different annealing temperatures and durations. The compositions of the IMC determined using the spectra were closest to Ni 3 Sn 4 . Similar results were found in various investigations, which also identified the IMC formed between Ni and Sn in this temperature range to be Ni 3 Sn 4 [4] - [6] [11] . Therefore, we will assume that the compound formed is Ni 3 Sn 4 for all further analysis.
In this study the empirical power law is used to describe the growth of the IMC, Ni 3 Sn 4 . This approach is generally used to describe the growth of IMCs [4] - [7] [11]. The following form of the empirical power law is used for analysis:
where X represents the thickness of the IMC layer at time t, X 0 is the initial thickness of the IMC, k is the rate constant of the growth, and n the time exponent. The value of n indicates the rate controlling step of the growth mechanism. Plotting ln(X − X 0 ) vs. ln(t) yields the values of n and ln(k), as the slope and y-intercept, when fitted using a linear regression model. The rate constant k is dependent on activation energy and the temperature, which can be described using the following Arrhenius-type equation:
where A is the pre-exponential constant, Q is the activation energy, T is the temperature in Kelvin, and R the universal gas constant (8.314 Jmol
). When plotting ln(k) vs. 1/T it is possible to determine Q. In order to determine the time exponent n and the rate constant k, the amount of IMC that developed was determined by measuring the thickness of the nickel layer for each of the annealing durations and calculating the thickness of the IMC layer that developed from the Ni. Measuring the thickness of the Ni is done using lines of best fit at the Ni/Ni 3 Sn 4 interface and at the Ni/Ti interface. In order to determine the resulting IMC thickness, the following assumptions have been made.
1) The solubility of Ni in liquid Sn in the temperature range is low and can, for the purpose of this investigation, be neglected.
2) The decrease in thickness of the Ni layer is directly proportional to the increase of Ni 3 Sn 4 . 3) The IMC growth during heating and cooling of the sample is negligible. These assumptions are generally accepted by researchers [7] . If Ni 3 Sn 4 is thermodynamically stable and the only compound formed during this reaction and assumption 1 is valid, then assumption 2 is applicable. The Ni-Sn phase diagram shows that the solubility of Ni in liquid Sn at the temperatures used in this study is less than 1 at% [12] . That makes assumption 1 valid for this study. Furthermore assumption 3 seems valid since the thermal mass of the substrates is small, ensuring short heating and cooling durations for the annealing method used. Figure 5 displays the ln(X − X 0 ) vs. ln(t) plot of the growing IMC at 232˚C used to determine n and ln(k). The error bars were determined using a minimum and maximum value for the remaining Ni thickness for each annealing duration and the laws of error propagation. The values of n for all of the investigated temperatures are displayed in Table 1 . Figure 6 displays the graph of ln(k) vs. 1000/T which was used to determine the activation energy Q. The activation energy was determined to be 33 kJ·mol −1 . The error bars in the plot of Figure 6 were derived from the error in y-intercept of the graphs used to determine n.
Discussion of Growth Kinetics: Time Exponent N and Activation Energy Q
A value of n = 0.5 indicates that the reaction is controlled by bulk diffusion and n = 0.33 indicates a reaction controlled by diffusion along grain boundaries [13] . A value of n = 0.41 has been reported for the system electroless Ni and 95.5Sn-4.0Ag-0.5Cu, for the temperatures 260˚C, 280˚C, 300˚C, 320˚C, and 350˚C [7] . Bader et al. determined a value of n = 0.28 for the system sputtered Ni on sputtered Sn at 240˚C [11] . Shen et al. reported a time exponent of n = 0.32 ± 0.013 at 250˚C and n = 0.43 ± 0.011 at 280˚C for the system Ni and Sn-3.5Ag [6] . The values of n determined in our study are slightly lower than the values found for the material systems mentioned above. We found that close to the melting temperature of the Sn, the value of n is higher compared to , respectively [8] . Clearly the value of activation energy found in this study does not vary significantly from the results found by the studies mentioned above. Chen-Chiang et al. determined the activation energy and time exponent for electroplated Ni and Sn on a suttered copper surface in the temperature range of 523 K to 598 K. The resulting time exponent varied between 0.076 and 0.15 and the activation energy was 23.15 kJ·mol −1 [9] . The authors of the study mention that the time exponent varies from the result found by Bader et al. but do not discuss the result further.
Dependency of Morphology on Annealing Temperature
Since the only parameter changed in the experiments is the annealing temperature and time, we suggest that the morphology of the developing Ni 3 Sn 4 phase displays a distinct dependency on the temperature. This behavior was most pronounced in the early stage of the growth. The lowest annealing temperature used for the etched cross-sectional samples is 235˚C. At this particular temperature the IMC growth occurs in a continuous layer, consisting of individual grains. These grains do not display a clear structure and their shape varies between small whisker-like and large-rounded with irregular shaped edges, as shown in Figure 7 .
With increasing annealing time the thickness of the IMC layer increases but the morphology of the grains does not change significantly, as seen in Figure 7 (10 s), (30 s), and (60 s). The grains grow in the horizontal and vertical direction but their shape remains the same. Importantly, the IMC layer displays a homogeneous thickness, similar to the SEM images of the embedded samples annealed at 232˚C. The IMC layer can be divided into two regions, one consisting of large grains which grew early in the reaction, we will call this the primary IMC layer (IMC 1), and another region consisting of a continuous layer of smaller grains that grew between the existing layer and the Ni, which we will call the secondary IMC layer (IMC 2), as seen in Figure 7 (30 s). A similar division into regions of different morphologies was done by Bader et al. which essentially divided the IMC layer into three parts, a fine-grained layer at the Ni interface, a layer consisting of thin whiskers, and a layer consisting of large crystals [11] . Since, according to our results, the thin whiskers continuously change into the large crystals, a clear distinction between the two will not be made here. When the temperature is increased from 235˚C to 260˚C, the growth of the IMC becomes faster, as indicated by a thicker IMC layer in the sample annealed for 10 s (see Figure 8 (10 s)) .
It also becomes evident that the grains are more faceted, and shaped like whiskers. This indicates that there are certain crystal orientations whose growth velocity is strongly influenced by the increase in temperature. The growth velocity of this orientation becomes much faster than the velocity of the other orientations. Similar results were found by Bader et al. who discovered that there is an orientation which grows faster than others [11] , but not that temperature has a significant influence on the growth velocities of the Ni 3 Sn 4 crystal orientations. The spaces between the whiskers are the Sn enclosures which were also seen in the cross-sectional samples. With an increase in annealing time the whiskers develop into large grains and the degree of facetation decreases. This can be observed in samples annealed for 30 s and 60 s (see Figure 8) . With an increase in annealing time, a more continuous layer of IMC forms as the Sn enclosures between the whiskers are consumed by the growth of the IMC. At this point in the reaction, a coarsening starts to take place, as the diffusion of the Sn towards the Ni decreases. The images show that the majority of the IMC layer consists of large grains and the whisker like, highly faceted grains have changed. Similar to the samples annealed at 235 ˚C, the SEM images in Figure 8 show an IMC layer consisting of a primary and a secondary layer.
When the temperature is further increased to 290 ˚C the grains become more whisker-shaped and faceted, again attributed to the temperature dependent growth velocity of certain Ni 3 Sn 4 crystal orientations. As the grains become more whisker-shaped, the amount of Sn between them increases, as indicated by the increasing size and number of the Sn enclosure in the primary layer. The secondary layer still forms continuously and the Sn enclosures extend down to this layer. This can be seen in Figure 9 . As annealing time is increased the grains become larger and the degree of facetation decreases. This is due to the fact that the fastest growing crystal faces slowly disappear, as is the case for all crystals with different growth velocities for different crystal orientations. The faces oriented along the fast growing crystal orientations are large at the beginning of the reaction but their size decreases in the course of the growth. Under close inspection it is visible that some of the grains become detached from the underlying IMC layer. This is due to a mechanism called the crumbling mechanism, first observed by Gur and Bamberger [3] . They attribute the detachment of the large grains from the layer of smaller grains beneath them to grain boundary grooving. The grooving separates the grains from each other leading to a complete detachment from the layer beneath and the surrounding grains. The complete detachment from the surrounding grains was rarely observed in this investigation. Additionally, the piling associated with grain boundary grooving was not observed, as seen exemplified in Figure 10 .
There are no studies of grain boundary grooving available for Ni 3 Sn 4 , but Ni has been studied extensively by Gladstone et al. [14] . They report a good correlation of the experimental data with the model published by Mullins et al. [15] [16]. Gladstone et al. observed a maximum groove depth of 120 nm for cold-rolled Ni tape (4N) when recrystallized in vacuum at 800˚C for 4 h, and a maximum groove depth of 100 nm when recrystallized in Ar-1%H2 at 800˚C for 4 h [14] . Since most grain boundaries seen in our study exceed a depth of 120 nm and the temperature and heat treatment duration are much lower, grain boundary grooving does not supply a reasonable explanation for the crumbling observed in our experiments. Even in view of the melting point of Ni 3 Sn 4 (796˚C) [17] , compared to the melting point of Ni (1453˚C), the amount of grooving necessary to separate the grains appears unreasonably large. We observed that most grains were still attached to some of the smaller or neighboring grains as they became detached from the underlying IMC, giving merit to the hypothesis proposed by Görlich et al. [18] . They claim that the small grains push the larger ones into the liquid phase as they grow in size. In their hypothesis the growth of the Ni 3 Sn 4 phase originates at the Ni/IMC interface and the grain boundaries are the dominant transport path for Sn towards the Ni. This is contradictory to the hypothesis of Gur et al., who claim that Ni diffuses into the Sn and deposits itself onto the Ni 3 Sn 4 grains. They argue that the growth mainly takes place at the Ni 3 Sn 4 /Sn interface [13] . In view of our experimental results, we conclude that the crumbling of grains is caused by the mechanism described by Görlich et al. Furthermore we conclude, that the growth of the IMC originates at the Ni/IMC interface and that Sn moves towards the Ni along grain boundaries.
The Effect of Whisker Growth of the Bond Connection
During bonding of chips, the whisker-type growth of Ni 3 Sn 4 at elevated temperatures (290˚C and above) may lead to issues in the bond connection. The Ni 3 Sn 4 whiskers will cause a local connection of the two bonding partners, early in the bond process. The majority of the Sn will still be in its elementary form at this point. In the further course of the SLID process, the Sn will be drawn continuously towards the Ni interface, leaving behind cavities. The cavities may lead to a failure of the bond connection when it is subject to loading. Additionally the local connections between the wafers may lead to large stress concentrations when the wafers are pressed together during the bonding process. These stress concentrations may lead to breakage of one of the wafers during bonding. Therefore the selection of the bonding temperature for a Ni/Sn bonding system requires careful consideration and a moderate bond temperature will lead to a more satisfying result in terms of reducing cavities and wafer breakage.
Coarsening of Grains
Upon inspection of the grain size, it becomes evident that at each of the given temperatures the grains coarsen as the annealing duration increases. There are two main mechanisms causing the coarsening of grains: 1) the large grains may coarsen by consuming smaller grains, this effect is driven by the reduction of free surface energy; 2) grains may also coarsen through the deposition of Ni and Sn onto their surface, this effect is driven by the release of energy from the reaction between Ni and Sn. These two effects may happen simultaneously, but the extent to which they are responsible for the coarsening observed is influenced by the environment in which the grains reside.
We found that grains grow like whiskers at high annealing temperatures (290˚C and above) and short duration (10 s), later on they start coarsening at these particular temperatures (290˚C and above, after 60 s). The diffusion path length along grain boundaries is shorter at short annealing durations (10 s) at this particular temperature, due to the whisker-like growth and Sn enclosures close to the secondary IMC layer. Since Sn is in the liquid state and Ni in the solid, the diffusion of Sn is much faster than the diffusion of Ni in the investigated temperature range. Therefore Sn can move more easily along grain boundaries towards the Ni/IMC interface when the supply of Sn is abundant. This inhibits the diffusion of Ni towards the Sn/IMC interface. If the supply of Sn decreases, Ni is able to diffuse towards the Sn rich side. This allows the Ni 3 Sn 4 grains to grow in the lateral direction by deposition of Ni and Sn out of the liquid phase onto the surface of the existing grains, causing coarsening (type 2). We suggest this coarsening behaviour at high annealing temperature, for instance 290˚C and above.
At low annealing temperatures (235˚C) the IMC grains grow irregular shaped and slowly coarsen as annealing duration increases. The IMC layer grows with a homogeneous thickness and develops very few Sn enclosures. Therefore, the diffusion path length across the IMC layer is almost constant throughout. The supply of Sn is still abundant in this case and Ni cannot diffuse towards the Sn/IMC interface. Therefore grains cannot coarsen through the deposition of Ni and Sn out of the liquid phase (type 2) and the large grains have to coarsen by consuming small grains (type 1). The principle of the diffusion mechanism is drawn schematically in Figure 11 .
Görlich et al. also investigated the coarsening of grains in their research. They came to the conclusion that the coarsening is neither well described by Lifshitz-Slezov-Wagner theory (LSW theory) nor by flux-driven ripening theory (FDR theory), since the size distribution of the grains in the experiments and the theoretical predictions did not match [18] . LSW theory assumes that the surface area of the grains undergoing ripening decreases but the volume stays constant [19] [20] . FDR theory takes a more general approach saying that the surface area remains constant, while the volume of the phase is growing [21] . A more satisfying result of the theoretical predictions of the grains size distribution may be reached when taking into account that the morphology has an influence on the mechanism causing coarsening.
Our proposed mechanism for coarsening consists of two parts, large grains may coarsen by consuming the smaller grains, and deposition of Ni and Sn onto the existing grains. In this case ripening is controlled by diffusion of the individual species involved in the reaction and the rate of consumption of the small grains by the larger grains. The rate of diffusion of Sn towards Ni/Ni 3 Sn 4 interface and Ni towards the Sn/Ni 3 Sn 4 interface is controlled by the morphology of the IMC, the supply of Sn, and therefore by the annealing temperature. Since it is difficult to determine the contribution of the respective mechanism, the theoretical model has to be adjusted to incorporate the effect of the morphology of the grains undergoing coarsening, and the resulting predictions have to be matched to the experimental results. Vice versa, when FDR theory predictions are matched to experimental results, attention should be paid to the morphology of the grains undergoing coarsening, since the theory assumes scalloped shaped grains, which may only develop at certain annealing temperatures.
Morphological Difference Due to Increased Temperature
In order to demonstrate that the morphology of the growing IMC depends on temperature, Ni consumption was measured for each of the annealing temperatures 235˚C, 260˚C, and 290˚C. The annealing time was adjusted to achieve equal Ni consumption for each annealing temperature. Figure 12 displays the samples after preparing them by etching.
The images clearly display that the IMC appears different at each of the annealing durations even though the reaction is at the same stage. It becomes evident that the reaction mechanism changes with increasing temperature, resulting in one of the orientations of the grains to grow faster. This effect leads to the highly facetted, whisker like grains with many Sn enclosures, displayed in Figure 12(c) , as opposed to the continuous layer, seen in Figure 12 (a), with few Sn enclosures. The experiments were repeated with increased Ni and Sn layer thicknesses in order to demonstrate that this effect is independent of the layer thickness. The thickness of the Ni and Sn layers was increased to 900 nm and 2000 nm, respectively. The change in morphology of the Ni 3 Sn 4 grains due to the increase in temperature was observed as well. Figure 13 displays the SEM images of the samples.
Conclusion
The reaction between Ni and Sn was studied in the temperature range of 232˚C to 330˚C. The reaction kinetic was studied across the entire temperature range. The morphology of the developing IMC was studied between . When studying the morphology of the IMC, it became apparent that it displayed a clear dependence on the annealing temperature, which has not been observed before. At low annealing temperatures (235˚C) the morphology of the IMC grains appears large and rounded. At high annealing temperatures (290˚C) the IMC grains grow with a whisker-type morphology. The fast growing whiskers, which were observed at 290˚C, can have a negative impact on the bonding connection. The whiskers may cause a local connection between the bonding partners early in the SLID process. This may lead to the development of cavities in the bond connection during the further course of the SLID process. The crumbling of large Ni 3 Sn 4 grains into the liquid component cannot conclusively be explained by grain boundary grooving but rather by the growth of smaller grains located at the Ni/Ni 3 Sn 4 interface, pushing the ones formed earlier away from the interface, as proposed by Görlich et al. [18] . Furthermore, we propose a mechanism where coarsening is caused by grains joining each other and the deposition of Ni and Sn out of the liquid Sn onto the grains surface. In particular, the morphology of the IMC at the early stages of the growth has an influence on the coarsening mechanism later in the reaction.
